Abstract The paper presents a simulation model of the negative corona discharge in N2 under various pressures. The simulated discharge is of a negative point-to-plane mass type, with an inter-electrode separation distance of 20 mm and a symmetry about the axis of discharge. This simulation investigates the behavior of the neutral density and temperature for different pressures in the range of 0.1-10.0 bar. The spatial and temporal evolution of the neutral gas is analyzed based upon the equations of continuity, momentum and energy in a two-dimensional cylindrical geometry model. For that geometry of the system, the FCT (Flux Corrected Transport) technique was adopted. The results show that the pressure plays a significant role of the neutrals dynamics.
Introduction
Negative corona has been studied for a long time and many papers have been published on this subject. Many of them give qualitative results but relatively little has been done in the way of quantitative explanation and modeling. Partly, the reason is the inherent complexity of the chemical reactions that occurs in a corona discharge and the coupling with the electric field, gas velocity and gas temperature [1] .
There are many industrial applications where the electric corona discharge is used. For example: electrostatic precipitators, photocopiers, jet printers and in industrial processes such as the destruction of gaseous contaminants and production of ozone [2] . Corona discharges in inert gases have applications in producing/assisting electronegative gases (e.g. air, nitrogen, helium,...) [3, 4] . Numerical simulation of this process can lead to a better understanding of the phenomena involved and can be used in the optimization of corona devices [5, 6] .
In a point-to-plane configuration at atmospheric pressure, with the sharp electrode being supplied with a negative discharge, the corona discharge inception is principally due to the acceleration of background electrons in the high electric field created by the small curvature radius of the point [7−10] . The resulting space charge field, added to the initial one, allows the electrons situated a little farther away to be accelerated.
During the inception and development of the plasma in a point-to-plane gas discharge, a spatio-temporal evolution of the temperature of the neutral gas occurs as a result of plasma neutral molecules interaction. The temperature gradient causes a phenomenon of diffusion and convection as a result of the accompanied strong heterogeneity in the neutral gas density and pressure. The fundamental role of neutral heating in the inception of gas breakdown has been shown by theoretical studies [11−14] , as well as by experimental studies [15, 16] . Recently, J. Zhang et al. (2007) [17] have studied the steady-state model of negative corona discharge in pure oxygen. Results show the electron, negative and positive oxygen ion densities along the axial direction, lines of equal charge density for these three species in the air gap, and electric field distribution along the axis of symmetry. A corona discharge in ambient air is also studied numerically by several other researchers [18] . A number of numerical studies of corona discharge were also carried out in atmospheric pressure nitrogen [9, 19, 20] . The mechanism of corona discharges has been investigated in the past using mathematical models ranging from analytical models [21, 22] , mixed simulation models [23, 24] , to Monte Carlo models [25, 26] . In the present work, we propose to study the influence of the pressure on the movement of the neutral particles contained in a gas and subjected to an elec-tric shock point-to-plane type corona discharge. The distance between point and plane equals 20 mm and the applied potential equals 25 × 10 3 V (see Fig. 1 ). This study analyzes the behavior of the neutral density and temperature for different pressures in the range of 0.1-10.0 bar. The spatio-temporal evolution of neutrals is analyzed based on fluid equations: equations of continuity, momentum and energy in a 2D space. The numerical procedure FCT was adopted for the resolution of the system, in which the basic principle lies in the application of a broadcast after a corrective pattern device [27] . 
Modeling of the neutral dynamics
The gas dynamics are described by the conservation equations for a viscous compressible fluid and the equation of state for a perfect gas [28] . The equations are written in cylindrical coordinates, taking into account rotational symmetry and axial non-uniformity and with zero body forces. The fluid equations are, for the conservation of mass (continuity equation).
where n is the density of the neutral gas, and v their total velocity. In this model we neglected the momentum transfers from charged particles to neutral molecules. In fact, in slightly ionised gases discharges, it can be considered that convective movements in the gas are mainly due to temperature and pressure gradient, more active than the direct momentum transfers.
where Γ is the viscosity tensor.
In cylindrical coordinates, the components of the viscosity tensor can be written as [29] : component following r-axis:
component following z-axis:
component following r and z:
where µ is the coefficient of viscosity, v r is the gas velocity along r-axis and v z is the gas velocity along z-axis. The energy equation for neutral molecules can be written as:
where f (r, z) is the fraction of the total energy, W is the total energy, − → E the electrical field, − → J is the current density and − → Q is the heat flux defined by [30] :
ξ is the coefficient of thermal conductivity. The profile of the injection energy is defined by
where r is the radius, r 0 is the injection radius (with regard to the axis), d the distance point-to-plane (with regard to the plane), J 0 is the zero order Bessel function and K a parameter which is adjusted to represent the energy injected per volume unity [31−33] . The system of transport equation is closed by Eqs. (1), (2) and (6) and:
where p is the pressure of the neutral molecules, T is the temperature in kelvin and k β is Boltzmann constant (k β = 1.381 × 10 −23 J/K).
The numerical method
The equations describing the system of charged and neutral particle dynamics have the same general form. It can be written in a two-dimensional cylindrical geometry (following r-axis and z-axis) as:
where r, z are space variables, t is temporal variable, ρ(r, z, t) indicates the source term of the corresponding transport equation and ψ(r, z, t) is the transported size (density, momentum or energy). The obtained equations have been solved by a powerful numerical scheme with a second-order accuracy in space and time. The equations are discretized by using a finite control volume with the approximation of a centred difference at the frontiers and solved by the FCT algorithm fully described by Refs. [27, [34] [35] [36] .
The transport equations which are narrowly coupled are discretized by the method of finite volumes and corrected by the method of corrections of flow developed by Kuzmin and Turek [37] .
Description of the problem
A point-to-plane electrode configuration is considered for the simulation of various pressures corona discharge in N 2 (Fig. 1) . For the corona discharge, the inter-electrode separation is set to 20 mm, the temperature T = 300 K and v(r, z, 0) = 0. In these simulations the supply potential is fixed at 25 × 10 3 V. The boundary conditions at the external electrode are:
4 Results and discussion
We consider two point-to-plane parallel electrodes in a radially symmetric system (r, z). The plane is situated at z = 0 mm, the point at z = 20 mm. For different pressures in the range of 0.1-10.0 bar. We are particularly interested in tracking the movement of neutral in the inter-electrode gap space versus time in the 0-500 ns range.
In Fig. 2 we plot the temporal evolution of the neutrals density in N 2 under different pressures as a function of time, calculated for three different positions in inter-electrode space 0.2 mm, 10 mm and 18 mm. It can be seen from Fig. 2 that the contribution of the pressures component can result in relatively decreased density of neutral.
In the low-time range of 0 ns ≤ t ≤ 84 ns, we first note that for z = 0.2 mm, i.e. Fig. 2(a) 24 m −3 for p = 10.0 bar. This follows from the fact that there is a neutral more important depopulation in the inter-electrode space. It can also be noticed from Fig. 2 , the effect of the low pressure (p =0.1 bar, 0.2 bar and 0.6 bar) arises at the beginning, but after 220 ns it goes beyond the gap between the different curves and reduces the appearance of decay. Clearly we observed on these set of curves, that the depopulation depends on the variation of pressure. From the results in Fig. 3(a) it is clear that inclusion of the pressures component can change considerably the temperature of the neutral in the low-time range of 96 ns to ∼ 483 ns. At this range, for example, at p = 0.4 bar, the evolution of neutral temperature increases and reaches a maximum ∼ 308.4 K, but it affects temperature of the neutral relatively moderately for t ≥ 468 ns.
It can also be noticed from Fig. 3(b) at distance z = 18 mm, i.e. in the vicinity of the point the heating starts to increase significantly until the time t ∼ 84 ns. In the high time range t ≥ 148 ns, it increases rapidly the temperature of the neutral, because of the heat flux which rise around the point region, the transfer of energy to neutral in our plasma is not spontaneous. In all the results shown previously in Fig. 3(a) and (b) the pressure was considered varying in the range of 0.1-1.0 bar. Fig. 4 displays the temperature of the neutral versus time for various values of high pressure (p =1 bar, 5 bar, 10 bar).
In order to see the importance of temperature, heating becomes important from t = 108 ns, with increase in pressure. As can be noted that the heating of the neutral is very important in the vicinity of this point which is at two different positions and at different pressures, for example, the temperature of the neutral rises significantly from 305.1 K to 697.7 K for p = 10.0 bar at z = 0.2 mm, for the same pressure, but for the other value z = 18 mm and the temperature range from 317.2 K to 830.3 K, as seen from the area of energy transfer at z = 18 mm it is very high compared to that located at z = 0.2 mm. We can also note that the movement of the neutrals is from point towards the plane with a high temperature. The Joule effect occurs locally increasing the temperature, then the result is a movement of neutral particles, which aims to standardize the pressure in the system. Fig. 5 represents the axial evolution of neutral density for two time t = 40 ns and 500 ns, we note that the difference between the values is significant from pressure p = 0.6 bar. Our main results can indicate, for t ≥ 250 ns the gap becomes unstable, which depends on the axial position, and observe a non-homogeneous density distribution due to the interaction with the charged particles, which causes a variation in the density of the neutral axis of the discharge. We also find that the density is lower in the vicinity of the point (where there is a rate of ∼ 59 % for t = 250 ns) than that at plane. We can also say from the curves that the neutral depopulation is more pronounced for high pressure (i.e p ≥ 1 bar) and induces a configuration very non-homogeneous electric field and thus the movement of the neutral becomes very disturbed. We now proceed to examine its sensitivity to the variation of neutral density species in radial r. In Fig. 6 , we show the neutral density as a function of radial distance (r) for six selected values of pressures at t = 500 ns. It is seen that for a given p, the neutral density is little or not sensitive to variations in r between ∼9.2 mm for Fig. 6(a) , ∼10.2 mm for Fig. 6(b) and ∼11.3 mm for Fig. 6(c) , respectively. We note that when the movement of neutral particles becomes important, convective movements cause a depopulation which is variable in time. As we noted in the temporal analysis for all applied pressures, we observe almost no difference in the speed of the movement of neutral particles. The main cause is the inertia of the neutral. 
Conclusions
In the present paper, we have presented on a numerical simulation of the influence of pressure on the movement contained in a neutral gas particles subjected to a negative corona discharge. We realized within the dynamics of neutral particles in a situation of cold plasma, that the pressure plays an important and decisive role in the evolution of electric shock. Indeed, as soon as an electric current flows through the gas, the Joule effect occurs locally increasing the temperature, then the result is a movement of neutral particles, which aims to standardize the pressure in the system. The boundary conditions for the neutral density at the external electrode are determined from the Newman and Dirichlet condition. This results in a strong non-homogeneity of neutral, directly connected to heating. For higher time period of inertia neutral, the latter being defined as the time at which the change in neutral becomes significant.
The results clearly show that the pressure directly affects the dynamics of neutral especially for high pressures. Therefore the use of cold plasma in the field of surface treatment must consider the density inhomogeneities and convective motions in this situation.
